Defluoridation of drinking water using a new flow column-electrocoagulation reactor (FCER) - Experimental, statistical, and economic approach. by Hashim, KS et al.
 Hashim, KS, Shaw, A, Al Khaddar, RM, Ortoneda Pedrola, M and Phipps, D
 Defluoridation of drinking water using a new flow column-electrocoagulation 
reactor (FCER) - Experimental, statistical, and economic approach.
http://researchonline.ljmu.ac.uk/6198/
Article
LJMU has developed LJMU Research Online for users to access the research output of the 
University more effectively. Copyright © and Moral Rights for the papers on this site are retained by 
the individual authors and/or other copyright owners. Users may download and/or print one copy of 
any article(s) in LJMU Research Online to facilitate their private study or for non-commercial research. 
You may not engage in further distribution of the material or use it for any profit-making activities or 
any commercial gain.
The version presented here may differ from the published version or from the version of the record. 
Please see the repository URL above for details on accessing the published version and note that 
access may require a subscription. 
For more information please contact researchonline@ljmu.ac.uk
http://researchonline.ljmu.ac.uk/
Citation (please note it is advisable to refer to the publisher’s version if you 
intend to cite from this work) 
Hashim, KS, Shaw, A, Al Khaddar, RM, Ortoneda Pedrola, M and Phipps, D 
(2017) Defluoridation of drinking water using a new flow column-
electrocoagulation reactor (FCER) - Experimental, statistical, and economic 
approach. Journal of Environental Management, 197. pp. 80-88. ISSN 0301-
LJMU Research Online
  
1 
 
Defluoridation of drinking water using a new flow column-electrocoagulation 
reactor (FCER) - Experimental, statistical, and economic approach 
Khalid S. Hashim1, 2*, Andy Shaw1, Rafid Al Khaddar1, Montserrat Ortoneda Pedrola1, and David Phipps1  
*Corresponding author: Khalid Hashim, assist. Prof, e-mail: k.s.hashim@2013.ljmu.ac.uk 
1 Department of Civil Engineering, Liverpool John Moores University, Liverpool, UK.  
2 Department of Environment Engineering, Babylon University, Babylon, Iraq. 
Abstract 
A new batch, flow column electrocoagulation reactor (FCER) that utilises a perforated plate flow column as a mixer 
has been used to remove fluoride from drinking water. A comprehensive study has been carried out to assess its 
performance. The efficiency of fluoride removal (R%) as a function of key operational parameters such as initial pH, 
detention time (t), current density (CD), inter-electrode distance (ID) and initial concentration (C0) has been examined 
and an empirical model has been developed.  A scanning electron microscopy (SEM) investigation of the influence of 
the EC process on morphology of the surface of the aluminium electrodes, showed the erosion caused by aluminium 
loss. A preliminary estimation of the reactor’s operating cost is suggested, allowing for the energy from recycling of 
hydrogen gas hydrogen gas produced amount  
The results obtained showed that 98% of fluoride was removed within 25 minutes of electrolysis at pH of 6, ID of 5 
mm, and CD of 2 mA/cm2. The general relationship between fluoride removal and operating parameters could be 
described by a linear model with R2 of 0.823. The contribution of the operating parameters to the suggested model 
followed the order: t > CD > C0 > ID > pH. The SEM images obtained showed that, after the EC process, the 
surface of the anodes, became non-uniform with a large number of irregularities due to the generation of 
aluminium hydroxides. It is suggested that these do not materially affect the performance. A provisional 
estimate of the operating cost was 0.379 US $/m3. Additionally, it has been found that 0.6 kW/m3 is potentially 
recoverable from the H2 gas.   
Keywords: fluoride, electrocoagulation, perforated electrodes, modelling, SEM, operating cost. 
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1.  Introduction 
Fluorine is the 13th most abundant element in nature as overall it represents 0.054% of the earth’s crust, and it is found 
in significant amounts in the oceans and atmosphere (Budisa et al., 2014; Smith, 2007).  Additionally, it can be found 
in more concentrated form in mineral deposits such as fluorspar (Meenakshi and Maheshwari, 2006; Gwala et al., 
2011). Weathering of these geochemical deposits is the natural source of water pollution by fluoride, whilst industrial 
wastewaters represent the anthropogenic source; for instance effluents from semiconductor manufacture, high 
temperature plastics, glass, and aluminium industries contain high fluoride concentrations (Zhu et al., 2007; 
Emamjomeh and Sivakumar, 2009; Un et al., 2013).  
The presence of fluoride in minute quantity in drinking water is essential for mineralization of bones and prevention 
of tooth cavities (Meenakshi and Maheshwari, 2006). However, an excessive intake of fluoride may cause serious 
diseases such as skeletal fluorosis, teeth mottling, crippling skeletal fluorosis, infertility in women, and Alzheimer's 
syndrome (Mameri et al., 1998; Zhu et al., 2007; Zuo et al., 2008; Vasudevan et al., 2009a).  Therefore, the WHO 
has limited the fluoride in drinking water to 1.2 mg/L (Un et al., 2013).  
In order to meet this limitation, different techniques have been used to reduce fluoride concentration, such as 
electrodialysis (Tahaikt et al., 2004), membrane separation (Ndiaye et al., 2005), adsorption (Zuo et al., 2008), 
coagulation-electroflotation (Aoudj et al., 2016), and electrocoagulation (EC) (Vasudevan and Oturan, 2014; Kim et 
al., 2016). Recent studies have demonstrated that the EC method is an attractive alternative for water defluoridation 
(Un et al., 2009; Aoudj et al., 2010; Kim et al., 2016), because the EC method does not require chemical handling, it 
is easy to perform, and remarkably reduces the sludge volume and the required space (Zhu et al., 2007; Emamjomeh 
and Sivakumar, 2009).  For instance, Vasudevan et al. (2009a) used an EC cell supplied with stainless steel as a 
cathode and  magnesium-aluminium-zinc alloy, magnesium, aluminium and mild steel as anodes to remove fluoride 
from drinking water. The results obtained showed that the maximum fluoride removal efficiency, 96%, was achieved 
using magnesium as an anode and stainless steel as a cathode. While Un et al. (2013) removed 97.6% of fluoride from 
drinking water using an EC cell supplied with aluminium electrodes. Additionally, the EC technology has recently 
been integrated with other methods to remove fluoride from water. For instance, Zuo et al. (2008) used a combination 
of electrocoagulation and electroflotation to reduce fluoride in drinking water. The authors integrated an EC cell, 
which supplied with three aluminium electrodes, with electroflotation chamber (EF) to enhance flocs separation from 
water. This integrated EC-EF reactor reduced fluoride concentration from 4-6 to 1 mg/L (83% removal efficiency) 
within 30 minutes of treatment. Aoudj et al. (2015) also used an integrated electrocoagulation–flotation cell to remove 
fluoride from semiconductor wastewater, the results obtained shoed that this EC-EF cell was efficient enough to reduce 
fluoride from 42 to 4.61 mg/L within 120 min of treatment.  
However, the lack of reactor design represents one of the major drawbacks of the EC method (Holt et al., 2005; Un et 
al., 2013), where the majority of the EC reactors still rely on a parallel arrangement of simple plate electrodes inside 
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a container. In addition, the availability empirical or systematic approaches to design or reproduce the performance of 
EC units is also limited, which represents another drawback of this treatment method (Kabdaşlı et al., 2012; 
Kuokkanen, 2016).   
The current study therefore; has been devoted to fill a part of the gaps in the literature.  
2. Aims and objectives  
The current study has been devoted to fill a part of the gaps in the literature. The objectives of this study are: 
1. Investigate the applicability of a new flow-column EC reactor (FCER), which utilises a perforated plate flow-
column to achieve water mixing and aerating processes, to remove fluoride from drinking water. The influence 
of key operating parameters, such as electrolysis time (t) (0-30 min), initial pH value (4 to 8), current density 
(CD) (1, 2, and 3 mA/cm2), inter-electrode distance (ID) (5, 8, and 11 mm), initial iron concentration (C0) (10, 
15, and 20 mg/L), will be taking into accounts. 
2. Development of an empirical model to reproduce the fluoride removal performance of the FCER within the 
studied values of the operating parameters.  
3. Conducting a preliminary economic study to estimate the operating cost of water defluoridation by FCER. 
4. Estimate the harvestable amount of hydrogen gas (H2), during the defluoridation process, and the yieldable 
energy from recycling this gas. 
5. Carry out a SEM (scanning electron microscopy) investigation of the effects of the electrolysing process on the 
morphology of the surface of the aluminium anodes. 
3. Theory of fluoride removal by the EC method  
The principle of the electrocoagulation processes is the formation of the coagulating ions as the sacrificial metallic 
anode dissolves because of the applied current (Essadki et al., 2009). When aluminium (Al) is used as electrodes, the 
anode releases the Al3+ ions, while the cathode generates hydrogen gas (Essadki et al., 2009; Chaturvedi, 2013). The 
aluminium cations are converted, after dissolution, into Al (OH)3(s) and polymeric species such as Al13O4(OH)247+ 
which readily coagulate to form flocs (Adhoum et al., 2004; Essadki et al., 2009). Pollutants present in the aqueous 
medium are removed due to chemical precipitation or chemical and physical attachment to the coagulating ions being 
produced by the erosion of electrodes (Gomes et al., 2007; Chaturvedi, 2013). The electro-chemical reactions at the 
electrodes are (Essadki et al., 2009; Kamaraj and Vasudevan, 2016): 
At the anode: Al(s) → Al3+  +  3e−                                                                                                                                   (1) 
At the cathode: 2H2O +  2e− → H2(g) + 2OH−                                                                                                                (2) 
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Thus the highly absorbent aluminium hydroxide gel is formed in situ. 
Generally, fluoride removal occurs due to three basic mechanisms (Essadki et al., 2009): 
1- Adsorption on Al(OH)3 particles:  
Aln(OH)3n +m·F− → Aln Fm (OH)3n−m + m·OH−                                                                                                                  (3) 
2- Co-precipitation: 
n.Al + (3n−m)·OH− + m·F− → AlnFm(OH)3n−m                                                                                                              (4) 
3- Fluoride attachment to the electrodes (physical attachment).  
4.  Materials and methods 
4.1.  FCER apparatus 
The defluoridation process has been carried out using a new cylindrical EC reactor. This new EC reactor (FCER) 
employs a perforated-plate flow column to enhance water mixing process that increases the collision rate between 
coagulants and pollutants, which in turn enhances the removal efficiency. FCER consists of a hollow Perspex cylinder 
25 cm in height and 10.5 cm in internal diameter, which in turn contains a flow column consists of 6 aluminium 
perorated discoid plates, 10.4 cm in diameter and 1 mm in thickness, of 99.5% purity provided by LJUM laboratories. 
Aluminium has been used as electrodes material due to its high affinity for fluoride ions (Aoudj et al., 2013). More 
details about the whole EC unit are presented by Hashim et al. (2017). 
4.2. Preparation of synthetic water samples  
All chemicals were supplied by Sigma-Aldrich and used as supplied. Fluoride synthetic stock solution was prepared 
by dissolving the required quantities of NaF in deionised water. The initial fluoride concentration in this stock solution 
was100 mg/L, 500 mL samples with lower concentrations were diluted from this stock solution. The pH level of the 
prepared samples was varied in the range of 4 to 8 using 1 M HCl or 1 M NaOH solutions, while their conductivity 
was kept constant at 0.32 mS/cm using sodium chloride salt (NaCl).  
4.3.  Experimental procedures 
The electrolysing process was carried out by placing a 500 mL synthetic water sample into the FCER, which supplied 
with two electrodes (284 cm2 active area), and applying the required magnitude of electrical current using a DC 
rectifier (HQ Power; Model: PS 3010, 0-10 A, 0–30 V). In order to achieve the best removal efficiency, the influence 
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of different operational parameters such as t (0-30 min), initial pH (4 -8), CD (1 - 3 mA/cm2), C0 of fluoride (10 - 20 
mg/L), and ID (5 - 11 mm) were investigated.   
The progress of fluoride removal, during the course of the experiment, was monitored by collecting 5 mL samples 
from the reactor at 5-minute intervals.  The collected samples were filtered with 0.22 µm filters, supplied by Sigma-
Aldrich, to remove unwanted solids, then the residual fluoride concentration in the filtrate was determined using 
standard Hach-Lange fluoride cuvettes test (LCK-323) (with the required dilution) and a Hach-Lange 
spectrophotometer (Model: DR 2800).  
The removal efficiency (RE %) was determined using the following equation: 
 ܴܧ% =  ஼0−஼�஼௢ × ͳͲͲ%                                                                                                                                                (5) 
Where, C0 and Ct are the initial and the residual concentrations of fluoride, in mg/L, respectively.  
At the end of the run, the electrodes were abraded with sandpaper and dipped for 5 min in an HCl solution (35%), and 
then carefully rinsed with deionised water to remove impurities from the surfaces (Sharma, 2014). All experiments 
were conducted at room temperature (20 ± 1 0C).  
4.4.  Statistical analysis and modelling 
The efficiency of the EC units is highly affected by serval operating parameters, such as initial pH, CD, Co, t, and Id 
(Emamjomeh, 2006; Behbahani et al., 2011). In order to investigate the combined influences of these parameters on 
fluoride removal using FCER, an empirical model was developed basing on the experimental results.  
Mameri et al. (1998), and Emamjomeh (2006) indicated that the defluoridation rate of the EC process exhibits  first 
order kinetics with respect to the fluoride concentration, thus: 
 
ௗ஼�ௗ௧ = − ܥ௢. ݇. t                                                                                                                                                               (6) 
Integration of Eq. (6) yields:                         
ܥ௧ =  ܥ௢ ∗  ݁−ሺ௞.௧ሻ                                                                                                                                                          (7) 
Where k is the first order rate constant (min-1). In order to calculate the value of the experimental rate constant (݇௘௫௣); 
Eq. (7) can be simplified by using the natural logarithm form: 
− ܮ݊ ቀ஼�஼�ቁ = ݇௘௫௣ . ݐ                                                                                                                                                        (8) 
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In addition, the experimental value of the first order rate constant is a function of the key operating parameters 
(Emamjomeh, 2006). Therefore, it can be written as follows:  
݇௘௫௣ = ݂ሺܥܦ, �ܪ, ܥ଴, ܫܦሻ                                                                                                                                             (9) 
Based on these considerations and the obtained experimental data, a statistical model, was developed by applying the 
principles of multiple regression technique, using Minitab17.2 to reproduce the performance of the new reactor. In 
addition, the statistical significance of each individual operating parameter and its contribution to the predication of 
the removal efficiency were calculated.  
Development of a reliable multiple regression model must pass through three basic steps  (Pallant, 2005). Firstly, the 
data must be tested to check the normality, linearity, and homoscedasticity of residuals, and to detect the existence of 
multicollinearity (MC) and outliers within the studied data. More details about these tests are  presented by Hashim et 
al. (2017). Additionally, the sample size must checked using the following formula (Tabachnick and Fidell, 2001). 
ܰ > ͷͲ + ͺ ∗ ܫܸݏ                                                                                                                                                             (10) 
Where N and IVs are the sample size and number of independent parameters respectively. 
Secondly, the ability of the suggested model to explain the variation in the DV must be checked using a proper 
statistical tool (Pallant, 2005). The coefficient of determination (R2) is an efficient tool to achieve this purpose because 
R2 shows how much of the experimental data is explained by the model (Tabachnick and Fidell, 2001).  
While the last step concerns the contribution of each IV to the constructed model, which can be assessed by 
determining the statistical significance (Sig.). Any IV with a Sig. greater than 0.05 can be omitted from the model as 
it has no significant contribution (Field, 2008; Pallant, 2005). Additionally, Beta value can be used to assess the 
contribution of each individual IV to the suggested model. Statistically, the higher the absolute beta value is, the 
stronger the influence of the IV on the outcomes of the suggested model is (Tabachnick and Fidell, 2001; Pallant, 
2005; Field, 2008). 
4.5. Economic analysis of performance of FCER 
The operating cost (OC) of the EC process includes the costs of energy, chemicals, material of electrodes, labour, 
treatment of sludge, maintenance, and fixed costs such as the basin and pipes (Ghosh et al., 2008b). In this research, 
a preliminary economic study were conducted taking into account the costs of the energy, electrodes material, and 
chemicals (HCl and NaCl) according to the following equation (Kobya et al., 2010): 
ܱܥ =  ߙ ܥ௘௡௘௥௚௬ + ߛ ܥ௠௔௧௘௥�௔௟ + ߚ ܥ௖ℎ௘௠�௖௔௟௦                                                                                                               (11) 
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Where Cenergy (kWh/m3), Cmaterial (kg Al/m3), and Cchemical (kg /m3) are the consumed energy electrode material, and 
chemicals respectively, α, ߛ, and β are the unit price of energy, aluminium, and chemicals according to the Iraqi 
markets 2016 (in US $) respectively. The energy consumption is calculated according to the following equation 
(Behbahani et al., 2011): 
ܥ௘௡௘௥௚௬ =  ∫ ܫ ∗ ܸ ∗ ݀ݐԎ଴                                                                                                                                                  (12) 
Where I is the current (A), V is the potential (V), and t is the treatment time (H). Integration of Eq. (12) yields:  
 ܥ௘௡௘௥௚௬ =  ܸ ∗ ܫ ∗ ݐ                                                                                                                                                            (13) 
Hence, the consumed energy per volume unit of treated water can be calculated using the following equation: 
ܥ௘௡௘௥௚௬ =  ூ∗௏∗௧௏௢௟.                                                                                                                                                               (14) 
Where Vol. is the volume of treated water (m3). The Cmaterial is the weight loss of the electrodes due to the oxidation 
process, and calculated using Faraday’s Second Law: 
 ܥ௠௔௧௘௥�௔௟ = ሺூሻሺ௧ሻሺ௠ሻሺ௓ሻሺ�ሻ                                                                                                                                                    (15) 
Where I is the applied current in amperes, t is electrolysing time (second), m is the molecular weight (26.98 g/mole), 
Z the number of the electrons (3 for aluminium), and F is Faraday’s constant (96487 C/mole). The cost of chemicals 
was calculated according to the consumed amounts.  
4.6. Estimating the yieldable energy from the harvested hydrogen gas  
Hydrogen gas (H2) represents the main by-product of the EC method (Nasution et al., 2011; Lakshmi et al., 2013), 
which classified as eco-friendly and high energy fuel ሺͳʹʹ ݇ܬ/݃ሻ (Eker and Kargi, 2010). Hence, harvesting of H2 
gas is one of the most important advantages of the EC technology. For instance, Phalakornkule et al. (2010) found 
that about ͷ.ͺ toͳ͵% of the required electrical energy to perform the EC cell could be obtained from the produced H2 
gas.  
The produced H2 gas from an EC cell can be determined using the following formula (Phalakornkule et al., 2010):  
ܳுమ =  ஼஽ .  � .  ௧ .  ு�                                                                                                           (16)                              
Where,ܳுమ , Cd, A, t, H, and ܨ represent the quantity of the produced H2 gas (mole), applied current density in (A/m2), 
effective surface area of electrodes (m2), treatment time (sec), number of hydrogen molecules (1/2), and Faraday’s 
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constant (96,500), respectively. While the produced energy from the H2 gas is 0.244 MJ.mole-1 (Phalakornkule et al., 
2010). 
4.7. Scanning electron microscopy characterisation of electrodes 
In order to gain more an accurate insight into the influence of EC process on aluminium electrodes, the morphology 
of the surface of electrodes, before and after defluoridation process, were characterised by scanning electron 
microscopy (SEM) (Model: Quanta 200). 
5.  Results and discussion 
5.1. Fluoride removal using FCER  
5.1.1. Effect of initial pH 
According to the literature, the performance of the EC method is greatly dependent on the pH of the solution (Zuo et 
al., 2008; Emamjomeh and Sivakumar, 2009; Zeboudji et al., 2013). Hence, to explore the influence of the initial pH 
on the fluoride removal by FCER, the initial pH of water samples containing 10 mg/L of fluoride was adjusted to the 
required value (from 4 to 8) using sodium hydroxide solution and hydrochloric acid. Then, these water samples were 
electrolysed for 25 min, in batch flow mode, at CD of 1 mA/cm2, and ID of 5 mm. The influence of the initial pH on 
the removal of fluoride is shown in Figure 1. A decrease was observed in fluoride removal as the initial pH increased 
from 4 to 8 to reach the lowest value at initial pH of 8. This could be primarily attributed to amphoteric characteristics 
of aluminium hydroxide, where the pH governs the formation of Al(OH)3 flocs (Un et al., 2013). In alkaline conditions, 
the negatively charged complex ion [ܣ݈ሺܱܪሻସ]− , which has low adsorption capacity, becomes the prevailing 
hydroxide species, causing an obvious decrease in the removal efficiency.  
Fig. 1. Fluoride removal at different initial pHs. 
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In the current project, initial pH of 6. 0 was then used to commence the rest of the experiments due to two reasons; 
firstly, it is near to the neutral pH level, i.e. no need to add high amounts of chemicals to modify pH of water. Secondly, 
there was no significant difference in fluoride removal at initial pH of 4 and 6 (less than 2%).   
5.1.2.  Effect of the inter-electrode distance 
Electrodes spacing exerts a significant influence on the energy consumption and the removal efficiency due to its 
effect on the ohmic resistance (Mameri et al., 1998; Mohora et al., 2012; Kamaraj et al., 2016). To investigate the 
influence of electrodes spacing on fluoride removal, a series of batch experiments were carried out at different IDs (5, 
8, and 11 mm) using a constant CD of 1 mA/cm2, t of 25 min, and initial pH of 6.  
The results obtained, Figure 2-(A), indicated that fluoride removal decreased as the ID is increased, where it can be 
clearly seen that residual fluoride increased from about 4% to about 15% when the ID increased from 5 mm to 11 mm 
respectively. In addition, Figure 2-(B) shows that the energy consumption increased from 1.75 to 3.6 kW.h/m3 as the 
ID increased from 5 to 11 mm respectively. This could be explained by the fact that if the ID increases then both the 
resistance and the growth of the passive anodic film will also increase. Therefore the current will decrease, and the 
amount of floc formed will likewise decrease. Hence the efficiency will change (Ghosh et al., 2008a; Hashim et al., 
2017). The effect of this film will be diminished as the inter-electrode distances decreased because the hydrogen gas, 
which is formed in the vicinity of the cathode, sweeps those fluoroaluminium complexes from the anode surface, and 
promotes the dissolution of the aluminium anode as a consequence (Mameri et al., 1998; Hashim et al., 2017). 
However, very short IDs should be avoided because the high electrostatic attraction will increase the collision rate 
between the formed flocs, which could result in flocs degradation (Daneshvar et al., 2004; Khandegar and Saroha, 
2013). Additionally, Hashim et al. (2017) indicated that very short ID must be avoided in FCER because it hinders 
the excluding of the accumulated air bubbles between electrodes, which negatively influences the energy consumption. 
Thus, in this investigation, the ID will be maintained at 5 mm for the rest of the experiments.  
Fig. 2. (A) Fluoride removal at different IDs, (B) influence of Id on energy consumption. 
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5.1.3. Effect of current density  
Current density has a significant influence on the performance and energy consumption of the EC cells as it determines 
the rate of coagulant dosage, the rate of bubble generation and size and the floc's growth (Un et al., 2009; Vasudevan 
et al., 2009b; Gao et al., 2010; Boudjema et al., 2014). Therefore, a set of batch experiments, to determine the influence 
of current density on fluoride removal and energy consumption, were commenced using 10 mg/L of fluoride at 
different CDs (1, 2, and 3 mA/cm2). While, the initial pH and ID were kept constant at 6 and 5 mm, respectively.  
Figure 3-(A) shows that the residual fluoride concentration is reversely proportional to the applied Cd. For instance, 
increasing the CD from 1 to 3 mA/cm2 decreased the residual fluoride, after 25 min, from about 4% to 1.1%. This 
could be explained by the fact that the dissolved aluminium ions from the anode increases as the CD increase, and 
enhances flocs formation and fluoride removal as a consequence (Un et al., 2013). 
Although fluoride removal was enhanced as the CD, increasing the CD also increased the energy consumption, where 
the results (Figure 3-(B)) showed that when Cd increased from 1 to 3 mA/cm2, the energy consumption exponentially 
rose from 1.75 to 12.4 kWh/m3, respectively. Therefore, in this investigation, it might be reasonable to use the current 
density of 2 mA/cm2 to commence the rest of experiments.
5.1.4. Effect of initial fluoride concentration 
In order to explore the influence of the initial concentration of fluoride on the defluoridation process, fluoride solutions 
with different initial concentrations of 10, 15, and 20 mg/L were electrolysed by FCER for 30 min at a constant ID of 
5mm, CD of 2 mA/cm2, and initial pH of 6. The results obtained, Figure 4, indicate that the higher the initial fluoride 
concentration was, the slower fluoride removal was, i.e., the required electrolysis duration for a permissible residual 
fluoride concentration increases as the initial concentration increases. For instance, detention time of 11 min was 
Fig. 3. Influence of CD on (A) Fluoride removal, (B) energy consumption. 
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enough to meet the WHO requirements (1.2 mg/L) when the initial fluoride concentration was 10 mg/L, but about 25 
min was required when the initial fluoride concentration was 20 mg/L.  
One of the predominant pathways of pollutant removal by the EC method is the adsorption of pollutant molecules on 
the freshly produced metallic hydroxide flocs (Emamjomeh and Sivakumar, 2009; Dalvand et al., 2011). According 
to Faraday’s law (Eq. 15), a constant number of coagulation ions is liberated from the sacrificial anode for the same 
CD and electrolysing time. Consequently, the same quantity of aluminium hydroxide flocs (coagulants) was produced 
in the solution. Therefore, the formed flocs, at high fluoride concentrations, were not sufficient to absorb all fluoride 
ions within the studied treatment period, i.e., FCER needs longer time to remove high fluoride concentrations. 
Additionally, the results obtained showed that the initial concentration of fluoride did not influence the rate 
constant (k) value.  Therefore, in the present study, 25 min was considered as the best electrolysing time.   
It is noteworthy to highlight that the obtained removal efficiency, 98%, is very comparable to those in literature.  For 
instance, Un et al. (2013) removed 97.6% of fluoride from drinking water using an aluminium-based EC cell, while 
Vasudevan et al. (2009a) achieved a 96% fluoride removal efficiency using an EC cell supplied with magnesium 
anode and stainless steel cathode. However, it is noteworthy that the new bench scale reactor FCER reduces the use 
of mechanical or magnetic stirrers which require extra power to work. Therefore, FCER could be a cost-effective 
alternative to the traditional lab-scale EC reactors. 
5.2. Statistical analysis of the results and model construction 
A multiple regression analysis was performed using the Minitab17.2 package to assess the relationship between the 
reaction rate constant (k) (dependant variable (DV)) and the operating parameters (independent variables (IVs)). 
Multiple regression was chosen as it suitable to perform a complex investigation of the interrelationship among several 
variables (Pallant, 2005). The general regression form is (Mustapha and Abdu, 2012): 
ܻ = ܣ + ܤଵ ଵܺ +  ܤଶܺଶ + ⋯ + ܤ௞ܺ௞ + �                                                                                                                  (19)  
Fig. 4. Fluoride removal at different initial concentrations. 
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Where Y is the predicted value of the dependant variable, A represents the Y intercept, Bk are the regression coefficients, 
Xs are the independent variables, and (�) is the random error coefficient. To construct a model with a reliable 
reproducibility, as mentioned before, the multiple regression assumptions were tested: 
5.2.1.  Sample size 
According to Eq. (10), the required data points to construct a reliable model is 82 points because 4 IVs were 
experimentally investigated. In the present investigation, the experimental data points were 92. Thus this condition 
has been met.  
5.2.2.  Multicollinearity 
The VIF value of each IV has been calculated in order to investigate the existence of multicollinearity.  The obtained 
results (Table 1) shows that the VIF values for the studied IVs were less than 10, which indicates the absence of the 
multicollinearity in the studied data. 
Table 1: Summary of statistical analysis results. 
 
 
 
 
5.2.3. Outliers 
The presence of the outliers in the studied data can be detected by determining the MDs for the studied observations, 
which must be less than 20.52 (the critical value for five IVs (Pallant, 2005)). The results obtained, Table 1, indicates 
that the maximum detected MD was 9.39, which indicates the absence of the outliers in the studied data.  
5.2.4. Normality, linearity, and homoscedasticity of residuals 
It is expected, in normal distribution, that not more than 1% of the standardised residual values of the data points 
outside the range 3.0 to -3.0. Results of Table 1 show that one observation (out of 92 observations) exceeded the 
specified range; thus this assumption has not been met. 
In such case, it is recommended to calculate the Cook’s Distance (COO_1) to check whether these 
observations are having any influence on the outcomes of the built model as a whole (Tabachnick and Fidell, 
IVs Beta Sig. VIF 
 
Max.  MDs 
 
Standardised residual exceeds 
the range of 3.0 to -3.0 
No. of cases  Value 
Cd 0.42 0.000 1.210 
9.39 
 
1 
 
3.01 Co -0.38 0.000 1.136 
Id -0.30 0.001 1.098 
pH -0.18 0.036 1.000 
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2001). Where, any observation with COO_1 greater than 1.0 is a potential problem. Minitab 17.2 package has 
been used to determine the COO_1 value of this observation. The obtained results showed that the maximum 
COO_1 value is 0.21, suggesting no potential problems associated with the presence of this observation.   
5.2.5.  Significance of each IVs  
The statistical significance (Sig.) and Beta value of each individual IVs have been calculated to check whether this IV 
makes a statistically significant contribution to the suggested model or not. Results of Table 1 showed that the highest 
Sig. was 0.03 (less than 0.05), which indicates that all the studied operating parameters exert an influence of different 
magnitudes. According to the Beta values, the electrolysing time made the highest contribution to the outcomes of the 
suggested model at a Beta value 0.68, followed by Cd at 0.42, C0 at 0.38, and Id at 0.3. While the initial pH made the 
lowest contribution to the suggested model at Beta value of 0.18.  
After the testing process, the multiple regression analysing was performed to assess the relation between the rest of 
the operating parameters (CD, C0, Id, and t) and the reaction rate constant (k). The results yield the following formula 
(with R2 of 0.823): 
ܭ�௥௘ = Ͳ.͵ʹʹ + Ͳ.ͲͶ ܥܦ − Ͳ.ͲͲ͹ ܥ଴ − Ͳ.Ͳͳ ܫ݀ − Ͳ.Ͳͳʹ �ܪ                                                                                       (20) 
Where ܭ�௥௘ represents the predicted reaction constant. Substitution of Eq. (20) in Eq. (7) gives: 
 ܥ௙ =  ܥ௢ ∗  ݁−[଴.ଷଶଶ+଴.଴ସ ஼஽−଴.଴଴଻ ஼0−଴.଴ଵ ூௗ−଴.଴ଵଶ ௣ு]∗ ௧                                                                                                      (21) 
Hence, the predicted fluoride removal efficiency can be written (the model) as follows: 
ܴ�௥௘ሺ%ሻ = {ͳ − ݁−[଴.ଷଶଶ+଴.଴ସ ஼஽−଴.଴଴଻ ஼0−଴.଴ଵ ூௗ−଴.଴ଵଶ ௣ு]∗ ௧} ∗ ͳͲͲ                                                                               (22) 
The suggested model has been used to predict fluoride removal from drinking water, using FCER, at different 
operating conditions; the obtained results were compared to the experimental removal values.  Indeed, this step is to 
check whether the suggested model has the ability to reproduce the performance of FCER in terms of fluoride removal 
(within the studied values of the operating parameters) or not. The suggested model has been applied to a set of 
experimental data consists of 40 experimental observations (at different operating conditions), which were randomly 
selected from the experimental data. 
The results obtained, Figure 5, showed a good agreement between the predicted and experimental fluoride removal. 
Where R2 value, for this randomly selected sample, was 0.843. Statistically, these results, indicate that the suggested 
model is able to describe about 84.3% of the influences of the operating parameters on the removal of fluoride (for 
the studied sample).  
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Based on the results obtained from these comparisons, it could be reasonable to consider that the suggested model is 
reliable enough to reproduce the fluoride removal performance of FCER. 
5.3. Economic analysis of performance of FCER 
Operating cost, as mentioned before, is an important parameter as it determines the applications of the treatment 
method. Therefore, in the present study, a preliminary economic study was conducted to estimate the operating cost 
of defluoridation process by FCER. The cost of energy, materials (aluminium), and chemicals were considered in this 
economic study. The energy consumption was calculated using Eq. (14), while the consumed electrode material was 
calculated using Eq. (15). The consumed amounts of chemicals were manually calculated during the experimental 
work. Unites prices, according to the Iraqi market 2016, were 2.5 pence/kWh of electricity, 1.53 $/kg of aluminium 
(minimum purity > 99%), 0.32 $/L of HCl (35%), and 0.2 $/kg of NaCl (purity 99.4% min.). Basing on these prices, 
the operating cost of fluoride removal from drinking water using the FCER is:   
 ܱܥ = ቀ ଶ.ହଵ଴଴ቁ $ ∗ ͷ.ͳ ௞ௐℎ௠య + ͳ.ͷ͵ $ ∗ Ͳ.ͳͷ ௞௚௠య + Ͳ.Ͳʹ $௠య = Ͳ.͵͹ͻ ܷܵܣ $/݉ଷ 
Emamjomeh and Sivakumar (2009), reported that the fluoride removal from drinking water costs from 0.36 to 0.61 
AUD/m3 (about 0.27 to 0.45 USA$/m3) depending on the operating conditions, for instance they reported that fluoride 
removal at current density of 2.5 mA/cm2 and initial pH of 6 costs about 0.5 AUD/m3 (about 0.37 USA$/m3). 
Therefore, it can be said that the cost of defluoridation of drinking water using FCER is very comparable with those 
of previous studies. But, it is noteworthy that FCER reduces the use of mechanical or magnetic stirrers which require 
extra power to work; these stirrers until now have been widely used in the EC reactors (especially laboratory scale 
ones).  Thus, FCER could be a cost-effective alternative to the traditional lab-scale EC reactors. 
Fig. 5. Relationship between the predicted and experimental fluoride removal efficiencies.   
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5.4. Estimating the energy yieldable from the harvested hydrogen gas  
As it was mentioned before, investment of the produced H2 gas from the EC units could minimise the operating cost 
as it is categorised as an eco-friendly and high energy fuel. In this study therefore, the produced amount of H2 gas 
from FCER during the defluoridation process has been calculated using Eq.16. While the producible energy from 
recycling this quantity of H2 gas was calculated using Eq.17.   
The produced amount of H2 gas, in the current study, was calculated at the obtained optimum operating conditions for 
fluoride removal, which were 25 min of electrolysing at CD of 2 mA/cm2. While the effective surface area of 
electrodes was 284 cm2. Hence, the produced amount of H2 gas from the FCER during the removal of 20 mg/L of 
fluoride from 500 mL water sample is:  
ܳுమ =  ଶ଴  ∗ ଴.଴ଶ଼ସ ∗ଵହ଴଴ ∗  ଴.ହଽ଺ହ଴଴ = Ͳ. ͲͲͶͶ mole  
Taking into consideration that each 1.0 kWh = 3.6 MJ (Phalakornkule et a l., 2010), then the energy produces 
from recycling the produced H2 gas from FCER  could be 0.6 kW/m3 of water. According to these results, the 
produced amount of H2 gas from filed scale treatment plants could be used to produce a considerable amount 
of energy. 
5.5. SEM characterisation of electrodes 
Magnified SEM images of aluminium anode, before and after, electrocoagulation of fluoride electrolyte was obtained 
to compare the texture of the electrode’s surface. Figure 6-(A) shows the metal surface before the electrocoagulation 
process. It can be observed from this figure that the surface of the anode was uniform except minor dents, which could 
have occurred due to the mechanical handling of metal during electrode shaping process. While Figure 6-(B) shows 
the same anode after a series of EC experiments. The surface of anode became totally non-uniform with a large number 
of dents. The generation of these dents could be attributed to the consumption of anode material at the active sites 
where the anode dissolution results in the generation of aluminium hydroxides (coagulation ions) (Ahlawat et al., 
2008; Vasudevan et al., 2012).         
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6. Conclusion 
The performance of the new closed batch EC reactor, FECR, has been investigated in terms of fluoride removal from 
drinking water and modelled using the multiple regression concepts. Experimentally, the ability of FECR to remove 
fluoride from drinking water was investigated taking into consideration the effects of different operational parameters, 
including the detention time, initial pH, current density, inter-electrode distance, and initial fluoride concentration. 
The experimental results revealed that the fluoride removal could be enhanced by increasing either the current density 
or the detention time. The initial pH of the water being treated exerts a slight beneficial influence on removal 
efficiency. Contrarily, the initial concentration of fluoride highly influences the removal efficiency, where it was found 
that about 11 min was quite enough to meet the WHO requirements when the initial fluoride concentration was 10 
mg/L, but it increased to about 25 min when the initial fluoride concentration was 20 mg/L.  
Statistically, the suggested model, which has R2 of 0.823, shows a good reproducibility of the FCER performance and 
there was a good agreement between the measured and predicted fluoride removal efficiencies. In addition, the 
statistical results indicated that each single operating parameter made a different contribution to the suggested model 
(fluoride removal); the significance of the studied operating parameters followed the order: t > CD > C0 > ID > pH.  
Economically, the preliminary operating cost of fluoride removal from drinking water using the FCER is 0.379 US 
$/m3, which is comparable with those in literature. However, it is noteworthy that the new bench scale reactor FCER 
reduces the use of mechanical or magnetic stirrers which require extra power to work. Therefore, FCER could be a 
cost-effective alternative to the traditional lab-scale EC reactors. 
(A) (B) 
Fig. 6. SEM images of aluminium anode, (A) before EC process, and (B) After EC process. 
 
  
17 
 
Acknowledgement 
This project was supported by the Iraqi Ministry of Higher Education and Scientific Research, Babylon University. I 
would also like to give my cordial gratitude to the colleagues and the technician team at Liverpool John Moores 
University, United Kingdom, whom expertise and support made this whole project workable. 
References 
Adhoum, N., Monser, L., Bellakhal, N.and Belgaied, J. E. 2004. Treatment of electroplating wastewater containing 
Cu2+, Zn2+ and Cr(VI) by electrocoagulation. J Hazard Mater, 112, 207-13. 
Ahlawat, R., Srivastava, V. C., Mall, I. D.and Sinha, S. 2008. Investigation of the Electrocoagulation Treatment of 
Cotton Blue Dye Solution using Aluminium Electrodes. CLEAN - Soil, Air, Water, 36, 863-869. 
Aoudj, S., Khelifa, A., Drouiche, N.and Hecini, M. 2013. HF wastewater remediation by electrocoagulation process. 
Desalination and Water Treatment, 51, 1596-1602. 
Aoudj, S., Khelifa, A., Drouiche, N.and Hecini, M. 2015. Development of an integrated electro-coagulation–flotation 
for semiconductor wastewater treatment. Desalination and Water Treatment, 55, 1422-1432. 
Aoudj, S., Khelifa, A., Drouiche, N.and Hecini, M. 2016. Removal of fluoride and turbidity from semiconductor 
industry wastewater by combined coagulation and electroflotation. Desalination and Water Treatment, 57, 
18398-18405. 
Aoudj, S., Khelifa, A., Drouiche, N., Hecini, M.and Hamitouche, H. 2010. Electrocoagulation process applied to 
wastewater containing dyes from textile industry. Chemical Engineering and Processing: Process 
Intensification, 49, 1176-1182. 
Behbahani, M., Moghaddam, M. R. A.and Arami, M. 2011. A Comparison Between Aluminum and Iron Electrodes 
on Removal of Phosphate from Aqueous Solutions by Electrocoagulation Process. Int. J. Environ. Res., 5, 
403-412. 
Boudjema, N., Drouiche, N., Abdi, N., Grib, H., Lounici, H., Pauss, A.and Mameri, N. 2014. Treatment of Oued El 
Harrach river water by electrocoagulation noting the effect of the electric field on microorganisms. Journal 
of the Taiwan Institute of Chemical Engineers, 45, 1564-1570. 
Budisa, N., Kubyshkin, V.and Schulze-Makuch, D. 2014. Fluorine-rich planetary environments as possible habitats 
for life. Life (Basel), 4, 374-85. 
Chaturvedi, S. I. 2013. Electrocoagulation: A Novel Waste Water Treatment Method. International Journal of Modern 
Engineering Research, 3, 93-100. 
Dalvand, A., Gholami, M., Joneidi, A.and Mahmoodi, N. M. 2011. Dye Removal, Energy Consumption and Operating 
Cost of Electrocoagulation of Textile Wastewater as a Clean Process. CLEAN - Soil, Air, Water, 39, 665-
672. 
Daneshvar, N., Sorkhabi, H. A.and Kasiri, M. B. 2004. Decolorization of dye solution containing Acid Red 14 by 
electrocoagulation with a comparative investigation of different electrode connections. J Hazard Mater, 112, 
55-62. 
  
18 
 
Eker, S.and Kargi, F. 2010. Hydrogen gas production from electrohydrolysis of industrial wastewater organics by 
using photovoltaic cells (PVC). International Journal of Hydrogen Energy, 35, 12761-12766. 
Emamjomeh, M. M. 2006. Electrocoagulation technology as a process for defluoridation in water treatment. PhD 
thesis, University of Wollongong. 
Emamjomeh, M. M.and Sivakumar, M. 2009. Fluoride removal by a continuous flow electrocoagulation reactor. J 
Environ Manage, 90, 1204-12. 
Essadki, A. H., Gourich, B., Vial, C., Delmas, H.and Bennajah, M. 2009. Defluoridation of drinking water by 
electrocoagulation/electroflotation in a stirred tank reactor with a comparative performance to an external-
loop airlift reactor. J Hazard Mater, 168, 1325-33. 
Field, A. 2008. Multiple regression using SPSS. Research Methods in Psychology, C8057, pp.1-11. 
Gao, S., Yang, J., Tian, J., Ma, F., Tu, G.and Du, M. 2010. Electro-coagulation-flotation process for algae removal. J 
Hazard Mater, 177, 336-43. 
Ghosh, D., H. Solankiand Purkait, M. K. 2008a. Removal of Fe(II) from tap water by electrocoagulation technique. J 
Hazard Mater, 155, 135-43. 
Ghosh, D., Medhi, C. R.and Purkait, M. K. 2008b. Treatment of fluoride containing drinking water by 
electrocoagulation using monopolar and bipolar electrode connections. Chemosphere, 73, 1393-400. 
Gomes, J. A., Daida, P., Kesmez, M., Weir, M., Moreno, H., Parga, J. R., Irwin, G., Mcwhinney, H., Grady, T., 
Peterson, E.and Cocke, D. L. 2007. Arsenic removal by electrocoagulation using combined Al-Fe electrode 
system and characterization of products. J Hazard Mater, 139, 220-31. 
Gwala, P., Andey, S., Mhaisalkar, V., Labhasetwar, P., Pimpalkar, S.and Kshirsagar, C. 2011. Lab scale study on 
electrocoagulation defluoridation process optimization along with aluminium leaching in the process and 
comparison with full scale plant operation. Water Science & Technology, 63, 2788. 
Hashim, K. S., Shaw, A., Al Khaddar, R., Pedrola, M. O.and Phipps, D. 2017. Iron removal, energy consumption and 
operating cost of electrocoagulation of drinking water using a new flow column reactor. Journal of 
Environmental Management, 189, 98-108. 
Holt, P. K., Barton, G. W.and Mitchell, C. A. 2005. The future for electrocoagulation as a localised water treatment 
technology. Chemosphere, 59, 355-67. 
Kabdaşlı, I., Arslan-Alaton, I., Ölmez-Hancı, T.and Tünay, O. 2012. Electrocoagulation applications for industrial 
wastewaters: a critical review. Environmental Technology Reviews, 1, 2-45. 
Kamaraj, R., Pandiarajan, A., Jayakiruba, S., Naushad, M.and Vasudevan, S. 2016. Kinetics, thermodynamics and 
isotherm modeling for removal of nitrate from liquids by facile one-pot electrosynthesized nano zinc 
hydroxide. Journal of Molecular Liquids, 215, 204-211. 
Kamaraj, R.and Vasudevan, S. 2016. Facile one-pot synthesis of nano-zinc hydroxide by electro-dissolution of zinc 
as a sacrificial anode and the application for adsorption of Th4+, U4+, and Ce4+ from aqueous solution. 
Research on Chemical Intermediates, 42, 4077-4095. 
Khandegar, V.and Saroha, A. K. 2013. Electrocoagulation for the treatment of textile industry effluent--a review. J 
Environ Manage, 128, 949-63. 
  
19 
 
Kim, K.-J., Baek, K., Ji, S., Cheong, Y., Yim, G.and Jang, A. 2016. Study on electrocoagulation parameters (current 
density, pH, and electrode distance) for removal of fluoride from groundwater. Environmental Earth 
Sciences, 75. 
Kobya, M., Demirbas, E., Parlak, N. U.and Yigit, S. 2010. Treatment of cadmium and nickel electroplating rinse water 
by electrocoagulation. Environ Technol, 31, 1471-81. 
Kuokkanen, V. 2016. Utilization of electrocoagulation for water and wastewater treatment and nutrient recovery. 
Techno-economic studies. PhD thesis, University of Oulu Graduate School; University of Oulu. 
Lakshmi, J., Sozhan, G.and Vasudevan, S. 2013. Recovery of hydrogen and removal of nitrate from water by 
electrocoagulation process. Environ Sci Pollut Res, 20, 2184–2192. 
Mameri, N., Yeddou, A. R., Lounici, H., Belhocine, D., Grib, H.and Bariou, B. 1998. Defluoridation of septentrional 
sahara water of north africa by electrocoagulation process using bipolar aluminium electrodes. Wat. Res. , 
32, 1604-1612. 
Meenakshiand Maheshwari, R. C. 2006. Fluoride in drinking water and its removal. J Hazard Mater, 137, 456-63. 
Mohora, E., Roncevic, S., Dalmacija, B., Agbaba, J., Watson, M., Karlovic, E.and Dalmacija, M. 2012. Removal of 
natural organic matter and arsenic from water by electrocoagulation/flotation continuous flow reactor. J 
Hazard Mater, 235-236, 257-64. 
Mustapha, A.and Abdu, A. 2012. Application of Principal Component Analysis & Multiple Regression Models in 
Surface Water Quality Assessment. Journal of Environment and Earth Science, 2, 16-23. 
Nasution, M. A., Yaakob, Z., Ali, E., Tasirin, S. M.and Abdullah, S. R. 2011. Electrocoagulation of palm oil mill 
effluent as wastewater treatment and hydrogen production using electrode aluminum. J Environ Qual, 40, 
1332-9. 
Ndiaye, P. I., Moulin, P., Dominguez, L., Millet, J. C.and Charbit, F. 2005. Removal of fluoride from electronic 
industrial effluentby RO membrane separation. Desalination, 173, 25-32. 
Pallant, J. 2005. SPSS SURVIVAL MANUAL, Australia, Allen & Unwin. 
Phalakornkule, C., Sukkasem, P.and Mutchimsattha, C. 2010. Hydrogen recovery from the electrocoagulation 
treatment of dye-containing wastewater. International Journal of Hydrogen Energy, 35, 10934-10943. 
Sharma, D. 2014. Treatment of dairy waste water by electro coagulation using aluminum electrodes and settling, 
filtration studies. International Journal of ChemTech Research, 6, 591-599. 
Smith, P. M. 2007. The History and Use of Our Earth's Chemical Elements: A Reference Guide, (Robert E. Krebs). 
Journal of Chemical Education, 84, 1767. 
Tabachnick, B. G.and Fidell, L. S. 2001. Using Multivariate Statistics, Boston, Allyn and Bacon. 
Tahaikt, M., Achary, I., Menkouchi Sahli, M. A., Amor, Z., Taky, M., Alami, A., Boughriba, A., Hafsi, M.and 
Elmidaoui, A. 2004. Defluoridation of Moroccan ground water by electrodialysis: continuous operation. 
Desalination, 167, 357. 
  
20 
 
Un, U. T., Koparal, A. S.and Bakir Ogutveren, U. 2009. Electrocoagulation of vegetable oil refinery wastewater using 
aluminum electrodes. J Environ Manage, 90, 428-33. 
Un, U. T., Koparal, A. S.and Bakir Ogutveren, U. 2013. Fluoride removal from water and wastewater with a bach 
cylindrical electrode using electrocoagulation. Chemical Engineering Journal, 223, 110-115. 
Vasudevan, S., Lakshmi, J.and Sozhan, G. 2009a. Studies on a Mg-Al-Zn Alloy as an Anode for the Removal of 
Fluoride from Drinking Water in an Electrocoagulation Process. CLEAN - Soil, Air, Water, 37, 372-378. 
Vasudevan, S., Lakshmi, J.and Sozhan, G. 2009b. Studies on the Removal of Iron from Drinking Water by 
Electrocoagulation – A Clean Process. CLEAN - Soil, Air, Water, 37, 45-51. 
Vasudevan, S., Lakshmi, J.and Sozhan, G. 2012. Optimization of electrocoagulation process for the simultaneous 
removal of mercury, lead, and nickel from contaminated water. Environ Sci Pollut Res, 19, 2734–2744. 
Vasudevan, S.and Oturan, M. A. 2014. Electrochemistry: as cause and cure in water pollution—an overview. 
Environmental Chemistry Letters, 12, 97-108. 
Zeboudji, B., Drouiche, N., Lounici, H., Mameri, N.and Ghaffour, N. 2013. The Influence of Parameters Affecting 
Boron Removal by Electrocoagulation Process. Separation Science and Technology, 48, 1280-1288. 
Zhu, J., Zhao, H.and Ni, J. 2007. Fluoride distribution in electrocoagulation defluoridation process. Separation and 
Purification Technology, 56, 184-191. 
Zuo, Q., Chen, X., Li, W.and Chen, G. 2008. Combined electrocoagulation and electroflotation for removal of fluoride 
from drinking water. J Hazard Mater, 159, 452-7. 
 
